For certain thin film materials and applications, plasma-assisted atomic layer deposition (ALD) can offer an increased level of freedom in material properties and processing conditions compared to thermal ALD. 1 This freedom can be attributed to the presence of reactive radicals and ions which interact with the material surface during deposition. The use of a plasma furthermore offers an increased number of process parameters that can be varied to influence the properties of the thin films deposited. A parameter that has, however, not yet been explored for plasma-assisted ALD is the substrate potential which directly affects the ion energy. 2 In electropositive processing plasmas, the average potential of the plasma is positive with respect to the grounded reactor walls and substrate stage. As a result, positive ions are accelerated in a thin space charge layer, the plasma sheath, towards the grounded reactor walls and the substrate stage. For the case of a collisionless plasma sheath (i.e. at relatively low pressures), the kinetic energy of the ions E i can be expressed by E i = e (V p − V s ), where V p is the plasma potential and V s is the substrate potential. This expression illustrates that the energy with which the ions arrive at the substrate surface is increased for a more negatively biased substrate stage. Recently, we illustrated that during remote plasma ALD under regular conditions (i.e. with a grounded substrate stage) the ion energy can be sufficiently high to play a role during the ALD process, e.g. by enhancing adatom migration and ligand removal. 3 With substrate biasing even higher ion energies can be reached and an increased number of physical surface reactions can be expected to play a role during ALD. 4 For plasma-enhanced chemical vapor deposition (PECVD), substrate biasing has already proven its value in tailoring thin film material properties. For the deposition process of Si, for example, the microstructure, density and crystallinity can be affected by controlling the substrate bias voltage. 5, 6 For PECVD of TiO 2 the effect of substrate biasing has been confirmed as well -the deposition rate and the crystalline phase are affected by a bias voltage applied to the substrate stage. [7] [8] [9] Also for ZnO, the influence of RF substrate biasing was demonstrated and the preferred orientation, the crystal size, and the thermal stability of the films were shown to be affected by the bias power. 10 Being a different deposition method ruled by surface chemistry, it is also interesting to study the influence of substrate biasing for the case of plasma-assisted ALD.
In this letter, we demonstrate that substrate biasing is a viable technique during plasma-assisted ALD to tailor material properties of ultra-thin films. More specifically, it is shown that substrate biasing allows for control over the phase composition of TiO 2 The experiments were carried out in a remote plasma ALD reactor equipped with an inductively-coupled plasma (ICP) source. The reactor is schematically illustrated in Fig. 1 . During the plasma step of the ALD cycle, the substrate stage was electrically grounded or biased by substrate-tuned biasing 11 or RF biasing. 2 With substrate-tuned biasing, only a matching network was connected to the substrate stage (4 inch diameter) and the bias voltage was controlled by adjusting the impedance between the substrate stage and the ground potential. 11 In the case of RF biasing, a power supply (denoted by the asterisk in Fig. 1 ) was connected to the matching network. The substrate can be grounded by closing a switch that electrically connects the substrate stage and the grounded reactor wall. Films were deposited on 1×1 inch substrates, cut from a n-type c-Si (100) wafer with a resistivity of 0.004-0.007 · cm. During TiO 2 deposition, the substrate was alternately exposed to Ti(Cp Me )(NMe 2 ) 3 (SAFC Hitech Ltd.) and a 200 W O 2 plasma with dosing times of 5 and 10 s, respectively, separated by 5 s purge steps. The chamber was continuously purged by O 2 at 7.5 mTorr provided through the ICP source, which was possible since no reaction between O 2 and the precursor was observed under the conditions employed. Films were deposited at 100, 200, and 300 • C. Substrate-tuned biasing was utilized to achieve bias voltages of −50 and −100 V and RF biasing was used for −100, −150 and −200 V. A retarding field energy analyzer (RFEA) was employed to determine the ion energy distribution function (IEDF) for the O 2 plasma. 2, 12 Figure 2 displays the IEDFs measured for substrate-tuned bias voltages between 0 and −100 V. The inset of this figure shows the average ion energy deduced from the IEDFs. For the case of a grounded substrate stage (i.e. with the switch closed), the ion energy is monomodally distributed and peaks at 33 ± 1 eV. The value for the ion energy is somewhat higher than reported earlier for an O 2 plasma in the Oxford Instruments FlexAL reactor. 3 In that case the plasma was operated at a higher gas pressure and in a reactor with a different geometry, both reducing the ion energy. When the substrate stage is biased, the ion energy distribution becomes bi-modal. This is a result of the fact that the ion transit time (i.e. the time it takes for an ion to travel through the plasma sheath) is lower than the RF cycle time (being 73.7 ns) of the plasma source. Consequently, ions that pass the plasma sheath at different time instances within one RF cycle obtain different energies since the sheath voltage drop is different. For a detailed explanation on the origin of the bimodal distribution, the reader is referred to Edelberg et al. 2 In the case the substrate is biased at −100 V, the ion energy is distributed between 121 and 155 ± 1 eV and the average value is 138 ± 1 eV. Since the pressure is relatively low, the plasma sheath is collisionless, which is confirmed by the absence of low-energy tails in the ion energy distributions. When the power supply is connected to the matching network, a power of 4 W is needed to bias the substrate at −100 V. The bias voltage can be further increased to −150 and −200 V by setting the power to 14 and 24 W, respectively. For these biasing conditions, average ion energies of 197 and 260 ± 1 eV were Figure 1 . Remote plasma ALD reactor equipped with an inductively coupled plasma source. A matching network is connected to the substrate stage to control the substrate potential by substrate-tuned biasing. The asterisk denotes the power supply that is additionally connected (at nodes "a)" and "b)") to the matching network in the case of RF biasing. The substrate stage also can be directly connected to the grounded reactor wall by closing the switch.
found by extrapolating the average ion energies obtained for substratetuned biasing. Planar probe measurements confirmed that the ion flux to the substrate surface is hardly affected by substrate-tuned biasing and is in the order of 10 14 cm −2 s −1 .
Grazing-incidence X-ray diffraction measurements (XRD) were carried out on ∼30 nm (200 • C series) and ∼50 nm (300 • C series) thick TiO 2 films and the spectra are shown in Fig. 3 . For films deposited at 300 • C and a substrate potential of 0 V, the XRD spectrum includes the change in the plasma density and electron temperature as a result of the increase in power delivered to the plasma with RF biasing. TiO 2 films deposited at 200 • C are amorphous, however when −100 V biasing is applied the (110) rutile phase peak appears in the XRD spectrum. Films deposited at 100 • C remain amorphous even when substrate biasing is applied (not shown). It is noted that we verified that substrate biasing does not significantly heat the samples, by monitoring the substrate temperature using a thermocouple connected to the substrate stage. The impact of substrate biasing was furthermore evaluated by Rutherford backscattering spectroscopy (RBS), elastic recoil detection (ERD), and X-ray photoelectron spectroscopy (XPS). Table I shows that films deposited without substrate biasing are stoichiometric, have a mass density typical for ALD-prepared TiO 2 films and contain <2 at.% H. The film properties for TiO 2 deposited at a bias voltage of −50 V are very similar, however TiO 2 films deposited at higher bias voltages show a pronounced change in the compositional material properties. The [O]/[Ti] ratio increases and the mass density decreases with increasing bias voltage. From in-depth analysis of the ERD results, the knowledge is gained that for bias voltages of 0 and −50 V the 1.4 at.% H in the films is mainly present at the TiO 2 surface as well as at the TiO 2 interface with the substrate. For films deposited at higher bias voltages a considerable amount of H seems to be present in the bulk, particularly as -OH groups, as confirmed by X-ray photoelectron spectroscopy (XPS) measurements. These OH groups are apparently more incorporated under biased conditions and are the reason for lower density films obtained for higher bias voltages. Using ex-situ spectroscopic ellipsometry (SE) the average GPC for the TiO 2 Table I ) and therefore the increased GPC can be attributed to the lower density of the films under these conditions. The N and C impurity levels (determined by XPS, not shown in table) are respectively 0.1 and 0.5 at.% for films deposited without biasing, comparable to TiO 2 films previously deposited using the same precursor. 13 When −200 V RF biasing is applied, the N and C contents increased to 0.8 and 1.0 at.%. These higher impurity levels are expected to originate from precursor ligands decomposed by the impact of high energy ions. This study demonstrates that substrate biasing allows for additional control over thin film material properties during plasma-assisted ALD, by tuning the ion energy. More specifically, it shows that the phase composition of TiO 2 thin films can be tailored by substrate biasing, in addition to other parameters reported in the literature such as the reactant pressure, the deposition temperature, the substrate material and post-deposition annealing. [13] [14] [15] Also the compositional properties of the TiO 2 films are affected by biasing, which allows for tuning the electrical, structural and optical properties of the films. In preliminary studies, effects of biasing on other metal oxide systems have been confirmed as well. For Al 2 O 3 and Co 3 O 4 thin films deposited by plasma-assisted ALD, for example, we found that the GPC and the oxide-to-metal ratio were affected by substrate biasing. According to Takagi, changes in material properties generally obtained by increasing the substrate temperature can also be expected when the sample is subjected to energetic ions instead. 4 Physical mechanisms that might be activated or enhanced by the energetic ions include lattice atom displacement and subsurface implantation. 4, 9, 16 Since rutile TiO 2 is usually obtained at elevated substrate temperatures or after post-deposition annealing, substrate biasing might replace the need higher thermal processing loads. Another mechanism that might play a role is film stress induced by the physical impact of the energetic ions, which can result in a phase-transformation to a more thermally stable phase. The mechanisms behind the tunability of the material properties by substrate biasing will however need to be addressed in future studies. In order to obtain thin films with preferred material properties, the distribution of the ion energy can also expected to be important. When substrate-tuned biasing or RF biasing is employed, the ion energy can be distributed broadly around the average value of the ion energy. Consequently, for a given bimodal ion energy distribution, the ions with the lower energies might afford beneficial effects, whereas those with higher energies could induce unwanted effects at the same time. With a better defined ion energy, the effects of biasing on thin film material properties might be more selective and more accurately controllable. A narrow distribution of the ion energy can, for example, be obtained by pulsed biasing -a method that uses a more complex bias signal applied to the substrate stage. 17 Finally, it is noted that the timing of substrate biasing can also be varied within the plasma pulse during ALD. For instance, the substrate biasing can be enabled only after the ALD surface reactions have taken place (typically after the initial second) such that the exposure to high energy ions can be considered an in-situ film treatment executed every ALD cycle.
